Introduction
A recent paper [6] presents measurements of basilar-membrane (BM) motion to argue against the slow-wave model of OAEs, in which emissions propagate back to the stapes primarily via transverse pressure-difference waves (often simply called "reverse-traveling waves"). The experimental evidence adduced against slow-wave DPOAEs is two-fold: (1) group-delay measurements indicate that the stapes vibrates earlier than the BM at the distortion-product (DP) frequency and (2) longitudinal measurements of BM phase find no evidence for reversetraveling waves. These two experimental results, interpreted using the schematic illustrated in the bottom panel of Fig. 1 , have been taken to confirm the suggestion [13, 8] that the reverse propagation of OAEs occurs via fast compressional (i.e., sound) waves [6] . The diagram posits that DP fast waves generated near x 2 propagate nearly instantaneously to the stapes, where the asymmetric movements of the oval and round windows create a slow (pressure-difference) wave that propagates to x dp , driving the transverse motion of the BM en route.
Here, we present two pairs of counter-arguments against these claims [6] . The first pair critique the evidence against slows waves outlined above; the second pair argue that the fast-wave model contradicts other well established facts of OAE phenomenology, thereby countering the conclusion that compression waves play the dominant role in the production of otoacoustic emissions.
Counter-Argument #1
The group-delay argument against slow waves fails when the DPs are generated near the point of measurement rather than remotely. The group-delay argument Phase lag
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f dp f dp f dp fast-wave generation Figure 1 . Schematic illustrating the generation of slow-wave (top) and fastwave (bottom) lower-sideband DPs. The panels show wave phase lag (increasing downward) vs cochlear location. In each case, slow waves (solid lines) at f 1 and f 2 produce nonlinear distortion near x 2 , creating either slow or fast (dashed line) waves at f dp . Reverse waves travel to the stapes, where the fast wave creates a slow forward wave that then drives the BM at f dp . In the top panel, distortion near x 2 also creates a forward wave that is partially reflected near x dp . In the bottom panel, the slow wave launched from the stapes creates a fast reverse wave near x dp . Empty boxes in the lower panel indicate unknown biophysical mechanisms. For simplicity, the diagram ignores multiple internal reflections. Adapted from [10, 6] .
against slow waves [6] follows from the contradiction between the group-delay data and the predictions of the schematic diagram shown in the top panel of Fig. 1 . The argument hinges on a crucial feature of the diagram: Namely, that the region of strong distortion that generates the f dp wave (denoted D in the diagram) is localized at some distance from the stapes. In other words, the argument assumes that the distortion measured in the motion of the stapes did not originate close to the stapes but has propagated to the point of measurement from a remote generation site located elsewhere in the cochlea. Although this assumption presumably holds under many experimental conditions, no evidence of its validity has been presented for the measurements in question [6] . On the contrary, given the relatively high levels of stimulation (∼70 dB SPL) and the proximity of x 2 to the base (∼2 mm), it seems likely that the DP generation "site" encompasses a considerable stretch of the basal turn of the cochlea. What does the slow-wave framework predict when measurements are made inside the region of strong distortion, D? Under such circumstances, the framework indicates that DP measurements are typically dominated not by propagated distortion, but by distortion generated close to the point of measurement. Group-delay data of the sort reported in [6] then reveal nothing about DP propagation delays or the relative time ordering of events at the DP frequency within the cochlea. Rather, group-delay measurements reflect changes in the output of the local DP source, whose phase varies as the local phases of the primary tones change with frequency. When f 2 is fixed, as it was in the measurements [6] , the framework predicts that the phase of a locally generated DP varies with the phase of the f 1 wave at the site of generation. Measurements of BM transfer functions at two different points in the cochlea show that phase slopes at any given frequency below CF are shallower at the more basal location [7] , and similar results presumably apply to intracochlear pressures that drive the stapes [3] . Viewed in this way, the finding that group delays controlled by the f 1 wave are smaller at the stapes than they are near x 2 is thus entirely consistent with the predictions of the slow-wave framework.
The observation that the group-delay data can be explained within the slowwave framework obviates the need to postulate novel biophysical mechanisms to account for the results. Since the generation of compressional (sound) waves requires the vibration of a sound source (OHC somata? hair bundles?), the fastwave interpretation of the group-delay data evidently requires that the vibrating sound source be both (i) strongly coupled to the BM in one direction, since its vibration is presumed to be driven by forward-traveling BM waves at f 1 and f 2 ; and (ii) weakly coupled to the BM in the other direction, since BM motion at f dp occurs significantly after stapes motion (i.e., only after the fast wave has generated a forward-traveling slow wave at the stapes). These two conflicting requirements appear difficult to reconcile with cochlear biophysics. Current understanding of the cochlear amplifier, for example, makes it hard to imagine synchronous volume changes in the hair cells, as proposed by Wilson [13] , that are not also accompanied by forces that couple strongly into the transverse motion of the BM. 
Counter-Argument #2
The longitudinal BM-phase argument against slow waves fails when the measured DPs are generated locally rather than remotely. At the DP frequency, the measured BM phase vs position data have negative slopes, as expected for forward-but not reverse-traveling waves. Curiously, three of the four longitudinal measurements presented as evidence against slow waves (see Fig. 1a -c in [6] ) were made at BM locations largely apical to x 2 , the presumed center of the region of DP generation. Since both the slow-and fast-wave frameworks predict forward-traveling f dp waves in the region x 2 < x < x dp , the measurements cannot distinguish the two alternatives. The fourth measurement (Fig. 1d) was made basal to x 2 , but its interpretation suffers from the same limitation as the group-delay data: The argument breaks down when applied inside the region D of strong distortion, where local rather than propagated distortion dominates the measurement.
2 The phase of the local distortion follows that of the DP source, which has the form
where φ 1 (x) is the phase of the f 1 wave, etc. Since the measurements indicate that φ src (x) defined above has a negative slope, the experimental results again appear consistent with the predictions of the slow-wave framework.
Interlude
Counter-arguments #1 and #2 indicate that recent measurements claimed to refute the existence of slow-wave OAEs [6] fail to provide compelling tests of the slow-wave model. The failure of an argument, however, does not imply that its conclusion is incorrect: It remains possible that slow-wave OAEs really are negligible or non-existent and that fast-wave mechanisms dominate the production of otoacoustic emissions, as claimed. To address this possibility, counter-arguments #3 and #4 discuss two additional OAE measurements. Both measurements contradict simple predictions of the fast-wave model but have natural explanations in the slow-wave framework.
Counter-Argument #3
The fast-wave model cannot account for the dramatically different phase-gradient delays manifest by lower-and upper-sideband DPOAEs. In the fast-wave model, DPs couple directly to the stapes via compressional waves whose propagation is unaffected by the properties of the BM. Once they couple into the fluids, fastwave DPs-unlike their slow-wave counterparts-undergo no BM-related filtering prior to their appearance in the ear canal. It therefore makes no difference whether fast-wave DPs are generated at cochlear locations whose CFs are above or below their own frequency. The fast-wave model thus indicates that both lower-and upper-sideband DPs are generated in the overlap region near x 2 by identical "wave-fixed" mechanisms. As a consequence, the model predicts that both DPOAE types should manifest nearly constant phase when measured using frequency-scaled stimuli (fixed f 2 /f 1 ). This prediction of the fast-wave model is contradicted by experiment: Whereas the phase of lower-sideband DPOAEs (e.g., 2f 1 − f 2 ) at near-optimal primary ratios remains almost constant (as predicted), the phase of upper-sideband DPOAEs (2f 2 − f 1 ) varies rapidly with frequency [4] .
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The different phase gradients of lower-and upper-sideband DPOAEs can, however, be understood in the slow-wave framework. When DPs couple into BM pressure-difference waves they become subject to filtering by the BM. For lower-sideband DPs, the overlap region near x 2 is basal to the BM cutoff for f dp waves, and DPs generated in this region propagate freely. At near-optimal ratios, the multiple reverse-traveling DP wavelets created in the distortion region D combine coherently to produce a large reverse-traveling wave whose phase behavior is "wave-fixed." For upper-sideband DPs, however, the region near x 2 is apical to the BM cutoff for f dp waves, and DPs generated in this region are strongly attenuated. As a result, place-fixed mechanisms at x dp become dominant [4] . For example, upper-sideband DPs generated at x < x dp create slow waves propagating in both directions. Because of phase interactions among the wavelets arising from the distributed DP source, those wavelets initially traveling toward the stapes tend to cancel one another out, whereas those traveling toward x dp tend to reinforce one another. The result is a forward-traveling slow wave, which-as with any forward-traveling wave-undergoes partial coherent reflection near its characteristic place. Since the dominant reverse-traveling wave is generated by scattering off "place-fixed" perturbations, upper-sideband DPOAEs (like SFOAEs) have a rapidly rotating phase.
Counter-Argument #4
The fast-wave model cannot account for the results of experiments performed using the Allen-Fahey paradigm. The Allen-Fahey paradigm [1] consists of measuring the ear-canal DPOAE as a function of r ≡ f 2 /f 1 while the intracochlear DP response is held constant at x dp (e.g., by monitoring the response of an auditory-nerve fiber tuned to f dp ). Aside from possible suppressive effects, the predictions of the fast-wave model can be deduced immediately from the bottom panel of Fig. 1 . Fixing the DP response at x dp is equivalent to fixing the fast wave at the stapes, which is equivalent to fixing the DPOAE in the ear canal. How does suppression modify this prediction? As r decreases towards 1, the primaries draw closer to x dp and their suppressive action reduces the response to the DP at x dp . To maintain the constant response mandated by the paradigm, the DP source output must be increased (e.g., by boosting the levels of the primary tones). When the source output is increased, the fast-wave pressure at the stapes and the DPOAE in the ear canal both increase correspondingly. For the Allen-Fahey paradigm, the fast-wave model therefore predicts that the ear-canal DPOAE will increase at close ratios. This prediction, however, is contradicted by experiment: Studies performed using the Allen-Fahey paradigm all find that the ratio of ear-canal to intracochlear DPs falls as r → 1 [1,9,2] .
The results of Allen-Fahey and related experiments can, however, be understood in the slow-wave framework, where they reflect changes in the effective directionality of the waves radiated from the distortion-source region [11] . Slowwave calculations explain the Allen-Fahey experiment by showing that at close ratios the distortion region D radiates much more strongly toward x dp than it does back toward the stapes. As a result, and despite the countervailing effects of suppression, fixing the response at x dp causes the corresponding ear-canal DPOAE to fall as r → 1. [Note that in the top panel of Fig. 1 the forward-and reverse DP waves emanating from D need not maintain the same amplitude ratio at all values of r; contrast this with the bottom panel, where the ratio of reverse fast wave to forward slow wave is determined, independent of r, by impedance relationships at the stapes.]
Conclusion
The counter-arguments presented here indicate that recent tests of the slowwave model [6] provide no convincing evidence against slow-wave OAEs. Furthermore, slow-wave OAEs appear necessary to account for varied aspects of OAE phenomenology well established in the literature. Although our counterarguments support the slow-wave model, they must not be construed to suggest that fast-wave OAEs do not exist; absence of evidence is not evidence of absence. Indeed, we take the totalitarian view of physical law that everything not forbidden is mandatory, and we therefore fully expect that both slow-and fastwave OAEs occur in the normal cochlea. The problem, then, becomes one of establishing the relative contributions of the two (or more?) emission modes and understanding their physical and physiological determinants. In principle, there need be no universal answer to these questions: The dominant OAE mode may vary with species and order (e.g., from amphibians to mammals), with cochlear location (e.g., from base to apex), and with stimulus or other experimental parameters. We have provided examples illustrating the importance of slow-wave contributions to the generation of mammalian OAEs; the role played by fast waves remains to be elucidated.
Comments and Discussion
Tianying Ren: The purpose of the following comments is not to defend the cochlear compression wave theory. Instead, they try to clarify a few points for helping our thinking of the DPOAE.
Counter-Argument #1 reads, in brief: The group-delay argument against slow waves fails when the DPs are generated near the point of the measurement rather than remotely. The longitudinal pattern of basilar membrane vibration measured at the same location as for the emission measurement in the gerbil shows a normal forward travel delay (Ren, 2002, PNAS, 99:17101-6) . If the backward traveling wave is symmetrical to the forward wave it should show the same delay, which was not shown by the data.
Counter-Argument #2 reads: The longitudinal BM-phase argument against slow waves fails when the measured DPs are generated locally rather than remotely. Since the measured region of the basilar membrane responses to tones goes from 8 to 24 kHz (Ren, 2002 , PNAS, 99:17101-6), the phase curve near the basal end should have revealed the backward traveling wave, if it exists. In Fig. 1d (Ren, 2004 , Nat. Neurosci., 7:333-4) the observed location is clearly out of the DP generation site because the basilar membrane response to a 12 kHz tone is linear at the 17 kHz BM location. Most importantly, the 2f 1 − f 2 phase calculated based on the f 1 and f 2 phases of BM vibration is different from the measured 2f 1 − f 2 phase, which demonstrates that the measured phase data are not dominated by the locally generated DP.
Counter-Argument #3 reads: The fast-wave model cannot account for the dramatically different phase-gradient delays manifest by lower-and uppersideband DPOAEs. The reverse propagation of the upper-sideband DPOAEs is different from that of lower-sideband emissions. Although the slow-wave model can explain the fast phase change of the upper-sideband emission, the alternative interpretation based on the fast-wave model remains plausible, since the observed emission delay can be caused by the cochlear filter rather than by a backward traveling wave (Avan et al., 1998, Eur. J. Neurosci., 10:1764-70; Ruggero, 2004, ARLO, 5:143-7).
Reply: Thank you for your thoughtful comments.
1. Model calculations indicate that relationships between the spatial patterns of BM phase produced by single tones (e.g., those reported in your PNAS paper) and the slopes of 2f 1 − f 2 phase-vs-frequency functions (i.e., DP phase-gradient delays) measured on the BM, at the stapes, or in the ear canal are neither always straightforward nor intuitive. We therefore suggest caution when interpreting both experimental and numerical results, espe-
